Ground source heat pump (GSHP) system has been installed as the air-conditioning system worldwide due to it has the characteristics of high efficiency, easy access and environmental protection. Since ground heat exchanger (GHE) plays a key role in the performance of GSHPs, many models of GHE have been proposed to simulate temperature distribution around the borehole. However, most of these models depict only the heat conduction process between buried pipes and surrounding soil based on the line source model or cylindrical source model. And these models do not consider water transfer under the action of heat source, which can cause some prediction errors. The objective of this study is to provide a numerical model to simulate the spatiotemporal distribution of temperature and moisture caused by a GHE with constant temperature in unsaturated soils. The numerical model is developed by establishing two tridiagonal matrices and adopting Thomas algorithm to achieve the programming. The experiment is operated at the Taiyuan University of Technology and the comparisons between modeled and experimental data prove the high accuracy of this model. The model shows significant engineering values in designs and operations of GSHP.
. With the application and development of GSHPs, the model of GHE has been investigated by many researchers using analytical or numerical techniques validated with experimental measurements, because GHE plays a key role in configuration and performance of GSHPs. Most of these models depict the heat conduction process between buried pipes and surrounding soil based on the line source model or cylindrical source model. Chiasson et al. 8 had made a preliminary investigation of the effects of groundwater flow on the heat transfer of vertical borehole heat exchangers. Diao. et al. 9 had obtained an analytical solution on the heat transfer under coupled heat conduction and groundwater heat advection. Abdelaziz et al. 10 developed a finite linesource model for vertical heat exchangers considering a layered soil profile. Conti et al. 11 presented the numerical solution of the problem of an infinite cylindrical heat source embedded into a saturated porous medium. However, the above models are usually used to study heat transfer in saturated soil. A high-precision model of the GHEs in unsaturated soils is required for the purpose of optimal system design and operational control 12, 13 . 1 College of Water Resources Science and Engineering, Taiyuan University of Technology, Taiyuan, 030024, China. 2 Taiyuan Bilan Hydraulic Engineering Design Co. Ltd, Taiyuan, 030024, China. 3 The Melbourne School of Engineering, The University of Melbourne, Melbourne, Australia. Correspondence and requests for materials should be addressed to H.J. (email: jinhua@tyut.edu.cn)
Since horizontal GHEs are mainly installed in unsaturated soils, the research of the temperature variation in it shows the significant study value for GSHP designs and operations. Some investigators have conducted related studies on heat and moisture coupled transfer in unsaturated soil. Philip and de Vries 14 first put forward a dual driving model considering temperature gradient and moisture gradient. Luikov 15 developed a mathematical model, which takes into account the effects of the temperature gradient on the moisture migration. Li et al. 16 presented an inner heat source model of underground heat exchanger based on the heat and mass transfer theory in the soil. Chen et al. 17 presented an experimental study on the heat and moisture transfer in the soil for investigating heat charging and the coupled effect of heat and moisture transfer by one-dimensional soil column. Erdongan 18 reported the moisture content in soil affected the size of ground heat exchangers by changing thermal properties of soil. Piechowski 19 proposed a new approach which can result in a better accuracy value to simulate a horizontal type GHE, because of the consideration of heat and moisture transfer in the soil.
A number of researchers have carried out many valuable researches on heat and moisture transfer in unsaturated soil, but in the background of the GHEs, the studies on the coupled heat and moisture transfer in GHEs surrounding unsaturated soil are still limited. Therefore, it is necessary to strengthen the cooperation between the experiment and the model, and continue to study the high precision heat and moisture transfer models.
This paper firstly will review the previous studies on heat transfer progress and introduce several prediction models. Secondly, the new prediction model based on establishing two tridiagonal matrices will be explained. The paper will also describe the experiment and data collection and analyze the comparisons between modeled and experimental data. Finally, further improvements will also be discussed.
Modeling
Previous study. A number of mathematic models of GHEs for the heat transfer progress have appeared since the first model called Kelvin's line source was developed 20 . Yang 21 review the history of ground heat transfer study and divide these models into three types based on different methods: analytical methodology, numerical method and the combination of both of them. However, there are limited studies on the model for the coupling progress of heat and moisture transfer caused by the GSHP operation.
Since the moisture transfer also carries some heat, the ground heat and moisture transfer are actually coupled 14 . Thomas 22 explains the mathematic analysis of the heat and moisture transfer in unsaturated soils. Abu-Hamdeh and Reeder 23 also state that the rising moisture content can increase the ground thermal conductivity. This paper, therefore, introduces a tridiagonal matrix to simulate the spatiotemporal distribution of the heat and moisture transfer caused by the heat source with constant temperature in unsaturated soils.
Simplifying assumption. Following are the basic assumptions of this model:
1) The soil is homogeneous;
2) The moisture content consists of pure water; 3) Gravity is neglected; 4) GHE has a constant temperature; 5) The influence of air is neglected due to its limited impacts 24 ; 6) Soil thermal conductivity and heat capacity are both constant.
Since soil is homogeneous, the coupling transfer of heat and moisture can be concluded that each direction of the progress is symmetrical by regarding the heat source as the center. As a result, the spatial distribution is simplified as a one-dimensional soil column model. Distance and time, therefore, will become the only two independent variables of this model.
Initial and boundary conditions. Initial temperature and moisture both are uniform through the one-dimensional soil column. The temperature of the soil at zero distance is assumed to be the heat source temperature, due to the neglect of the heat transfer time. Since the soil column is assumed to have a long length, both the temperature and moisture at the outer of it will be constant and uninfluenced.
Equations and physical meanings. As the heat and moisture transfers are coupled in the ground, this paper combines the mass conservation equation of water content and energy conservation equation to achieve the simulation objective. Followings are the differential equations:
The equation of moisture mass conservation explains the moisture transfer progress 25 :
where S is the moisture content; T is the temperature; t is the time; x is the distance; D S is mass diffusivity under the moisture content gradient; D T is the mass diffusivity under the temperature gradient. The equation of energy conservation explains the heat transfer progress 14 :
where ρ and ρ l are the soil and moisture density respectively; λ is the thermal conductivity of soil; c and c l are the heat capacities of soil and moisture respectively; φ is the soil porosity. Discretization and matrix derivation. The adopted discretization used in this experiment is the finite difference method (FDM), which is similar to the numerical method produced by Li and Zheng
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. Time and distance are discretized into a finite number of time steps and contiguous column elements respectively.
As a result, Eqs (1) is derived into a tridiagonal matrix:
where M is the total number of column elements; n is the total number of time steps. The matrix model for energy conservation equation is:
For an element linear equations Ax = d: The result can be solved by using Put in details, for the matrix A: 
Thomas algorithm can be adopted in solving both equations. As a result, the simulation model for predicting the specific spatiotemporal distribution of temperature and moisture is developed by combining these two matrices. For the example study, this paper uses MATLAB to achieve the programming.
Experimental Study
Equipment description. Since the study focuses on the model of a one-dimensional soil column. The adopted equipment is similar to the experiment described by Chen et al. 28 . And the whole experiment was operated at the Taiyuan University of Technology. Figure 1 shows the equipment diagram and Fig. 2 is the picture of actual experimental equipment. The equipment consists of a soil column, Stevens Hydra Probe II Soil Moisture Sensors, a data collector (Campbell CR200), a thermostatic water container (BILON HX-80), NTC temperature sensors, a compaction hammer, insulation devices, a transformer, and a computer.
Procedure description. The water container provides the heat for the heat source at the left side of the soil column to keep it at a constant temperature. And, the temperature of the heat source can be detected by the NTC sensor. The soil column has seven observation points. For each point, the soil moisture sensor can detect the soil temperature and moisture at the same time 29 . Table 1 shows the parameters of this sensor's accuracy and precision. Additionally, all the data can be collected and organized in the computer. The operating period of each experiment is 24 hours.
Comparison between modeled and experimental data
The paper will introduce two experimental results as examples to verify the model's accuracy. Two experiments use the same soil and the major difference is the temperature of the heat source. Table 2 experiments. According to Fig. 3 , at the distance from 0 to 20 cm, model values are clearly larger than the experimental data and the maximum difference of temperature is around 5 °C. Figure 4 shows that the temperature of soil under 24.5 °C heat source is nearly constant. It also indicates that if the temperature of heat source and soil has the limited difference at the start of the transfer progress, the model shows much better performance and the relative error varies from −5% to 1.5%.
According to Figs 3 and 4 , point 5 to 7 have a constant temperature during the transfer progress. As a result, the comparisons should be focused on the data for point 1 to 4. Both Figs 5 and 6 prove that the model can simulate the similar trend as the experiment. Although the model has higher performance at point 3 and point 4, the accuracy of its prediction is much lower at point 1 and 2.
In conclusion, the comparison of the spatiotemporal distribution of soil temperature illustrates that the model has low accuracy in predicting the soil temperature at the distance while the soil is closed to the heat source. Additionally, Figs 3-6 also indicate that at the shorter distance, the model data is always higher than the experimental data. As a result, the error of comparison is systematic. The main reasons are the thermal contact resistance between soil and the heat source wall, the heat losses during the experiment, and the heat source temperature up to planned temperature needs some time at the start of each experiment.
New comparison after the adjustment. Modification of the Heat Source temperature.
According to the aforementioned analysis, the factors that can influence the model precision are complex, it is difficult to quantify each factor in details. However, in order to improve the prediction accuracy of the model, the appropriate modified heat source temperature can be used instead of the initial heat source temperature in the model. The modified heat source temperature is obtained by fitting equation of temperature spatial distribution curve. According to Figs 3 and 4 , we can see that the temperature spatial distribution curve is close to the exponential function distribution, thus the exponential function deformation formula is used to fit the curve. Following is the fitting equation:
where a, b, c are constants; T is the temperature; x is the distance from heat source wall. Table 2 . Related parameters of the comparison. Figures 9-12 show the new comparison after the adjustment of the heat source temperature and the maximum relative error is only around 3%. It can be concluded that both modeled and experimental data achieve a good agreement. Moisture transfer progress. According to the results of heat transfer comparison, the temperature of the point 5 to 7 can be concluded to be constant, and it will not become the major factor which influences the moisture content. Therefore, following figures for the spatial distribution will only discuss the results of point 1 to 4.
Since the sensors have 3% accuracy error of detecting moisture content, the value differences are all acceptable. As a result, in order to confirm the model performance, similar time changing trend has much higher importance. Besides this, Figs 13 and 14 state that the moisture content becomes nearly constant at point 3. Hence, for the temporal distribution, only point 1 and point 2 have the clear changing trend.
According to Figs 15 and 16 , the modeled and experimental data achieve a good agreement on the trend with time changing at point 1 and 2, which means that the model has a high accuracy of predicting moisture transfer progress.
Discussion
In this paper, the characteristics of heat and moisture migration in unsaturated soil were studied by means of experimental verification and numerical simulation. The results in Figs 3 and 7 or Figs 4 and 9 showed that the model of the modified heat source temperature (28 °C or 23 °C) gave more accurate prediction compared to the observed heat source temperature (33.5 °C or 24.5 °C). The higher the heat source temperature is, the higher the adjustment of the heat source temperature will be. Additionally, the larger difference between heat source temperature and soil temperature is, the greater the regulation temperature of the heat source will be. In the numerical simulation, because the thermal contact resistance between the wall of the heat source and the soil directly affects the characteristics of heat transfer, the heat source temperature was regulated in order to improve the simulated accuracy. As mentioned in section 4.1 there are three main reasons why can cause the system error of comparison, and the thermal contact resistance is the most important factor among those three. The thermal contact resistance causes the temperature drop at the interface between the surfaces in contact of materials, and is influenced by the type of the materials, the surface roughness, the interface temperature, and the heat flow direction, etc 31 . Piechowski concluded that the steepest temperature gradient in the soil region occurs at the pipe-soil interface, and the soil temperature reduced by up to 30-40% away from the pipe surface 19 . Furthermore, due to the gaps and spots of contact interface existed, only in some discrete areas, a very small proportion of the nominal contact area, actually contact perfectly 32 . There is a temperature drop and additional resistance has occurred at the interface. Therefore, the temperature values adjusted at the soil 0 cm in the simulation was obtained using the empirical formula by fitting seven measuring points in the experiment of the soil column, and the simulation results achieve a good agreement of both simulated and experimental data.
In addition, the moisture transfer trend under the action of different heat source temperature is similar. The higher the heat source temperature is, the larger amount of moisture migration will appear. This water migration process leads to a lower moisture content near the heat source wall 17 . Since the changes of moisture content can affect the thermal properties of unsaturated soil, the inhomogeneity of water content distribution means heat transfer process is complex in actual. In order to improve the precision of the heat and moisture coupled transfer model, the following factors may be useful to consider. Firstly, the thermal conductivity of soil particles is not constant in the actual environment. It can be changed with temperature and moisture of the soil. Therefore, the soil thermal conductivity may increase or decrease during temperature and humidity changing. Another improvement is the consideration of the thermal contact resistance, and it still has significant effects on the heat transfer progress in the interface of different materials. 
Conclusion
Based on the theory of coupled heat and moisture transfer, the objective of this paper is developing a tridiagonal matrix for predicting this coupling progress under the action of the heat source with constant temperature in unsaturated soils. The development of this model is based on the equations of energy and moisture mass conservation. Comparisons of modeled and experimental figures are also adopted in verifying the simulation accuracy. In addition, the accuracy of the model can be greatly improved by proper adjusting the heat source temperature by fitting the curve of soil temperature distribution considering the effect of the thermal contact resistance etc. And the results indicate that the model has significant values in GSHP projects. Data availability. The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request. 
